with breakpoints in regions 3q26q27.3, 8p22p23, 13q31q33.1, and 15q22q26, respectively [Marshall et al., 2008] . These breakpoint regions contain large blocks of segmental duplications which make them particularly prone to rearrangements, be it tandem duplications, deletions, or neocentromere containing sSMCs [Bailey and Eichler, 2006; Sharp et al., 2006] . This does not exclude other repetitive elements such as long interspersed nuclear elements and short interspersed nuclear elements, LINEs and SINEs, respectively, which have been found in neocentromeres containing sSMCs involving breaks in 3q11. 2, 3q26.2, 5q14.3, 8p23.1, 8q23.3, 9p23, 9p13 .1, 11q21, Xq12, and Xq22.1 [Murmann et al., 2009] .
Individuals trisomic for the duplicated region of 8p23 exhibit a recognizable syndrome, regardless of whether a neocentromere containing class I sSMC has been formed [Barber et al., 2008 [Barber et al., , 2015 Murmann et al., 2009] . Ascertainment of sSMCs requires classical karyotyping followed by detailed molecular cytogenetic analyses, such as FISH and array CGH [Murmann et al., 2009; Burnside et al., 2011; Hochstenbach et al., 2013 Hochstenbach et al., , 2016 Hochstenbach et al., , 2017 . Thus, sSMCs were found in 0.043% of live births [Liehr et al., 2004] . A study of 241 unpublished sSMCs from 2005 suggested that neocentromeres are present in around 3% of the published cases of sSMCs [Dalprà et al., 2005] . A combined estimate of neocentromere formation on inverted duplicated chromosomes would be approximately once in every 70,000-200,000 live births. This number may be an overestimate since cases of sSMCs containing neocentromeres may be considered novel and highly interesting, thus leading to a positive publication bias [Marshall et al., Single or double breaks in the same chromosome arm will produce terminal or interstitial acentric fragments, respectively. These fragments will be lost during mitotic or meiotic division because they do not contain a centromere. Depending on their size, and consequently the number of genes affected, a lost acentric fragment may affect the phenotype or even not be compatible with viability of the carrier organism. If a new centromere, a neocentromere, is formed on an acentric fragment, it will segregate as a small supernumerary marker chromosome (sSMC) after mitotic or meiotic divisions. As of 2008, up to 90 cases of constitutional sSMCs containing neocentromeres have been documented [Marshall et al., 2008] . These consisted of either an inverted duplication (inv dup) of the distal part of a chromosome arm resulting in an unbalanced karyotype (class I) or a balanced chromosomal rearrangement after an interstitial deletion producing linear and circular sSMCs (class II). Class I sSMCs with a neocenromere make the carrier tetrasomic for the duplicated region or trisomic if the region distal to the duplicated region is deleted from the original chromosome. In cases of class II sSMCs with 2 breaks in either the same chromosome arm or opposite arms, the outcome is always balanced. With 2 breaks in the same chromosome arm, a supernumerary ring with the paracentric chromosome segment results, while breaks in opposite chromosome arms produce a pericentric ring chromosome. The class I inv dup sSMCs with neocentromeres comprise 74% (67 out of 90) of the reported cases [Marshall et al., 2008] . Chromosomes 3, 8, 13, and 15 are hotspots for neocentromeres containing class I sSMCs 2008]. Therefore, a precise estimate of the frequency of germline neocentromere formation in the general population may be difficult to obtain.
Little is known as to how neocentromeres are being formed. No experimental formation of neocentromeres in cultured human cell lines has been reported, such that our current understanding is limited to medical genetic case reports, studies of tumors and model organisms as well as to observations of karyotype evolution in primates [Marshall et al., 2008; Burrack and Berman, 2012; Rocchi et al., 2012] . In a case with a neocentromere at band 3q26.1 in a chromosome where the centromeric region was deleted, no alpha-satellite DNA was detected at the neocentromere, although it stained positive with anticentromere antibodies [Wandall et al., 1998 ]. However, clustering of neocentromeres at particular cytogenetic locations may not be as precise as the older literature has suggested [Alonso et al., 2003; Marshall et al., 2008; Hasson et al., 2011] . Thus far, no clear sequence specificity for neocentromere-containing regions has been reported, although a threshold AT-base pair content requirement cannot be discounted [Alonso et al., 2003; Marshall et al., 2008] . Interestingly, neocentromere-containing regions are among the earliest to be replicated during the cell cycle [Koren et al., 2010] . Once a new centromere has been formed, its position and boundaries need to be maintained by acquisition of satellite DNA, among other items. Since observations of clinical cases do not indicate that neocentromeres are located in specific DNA sequences, epigenetic marks, such as methylation of CpG islands, are a probable mechanism to achieve this [Marshall et al., 2008; Burrack and Berman, 2012] . While CpG islands longer that 200 nucleotides close to the neocentromere were generally hypermethylated in comparison to those in the same region in a chromosome without a neocentromere, the boundaries of the areas covered by the centromeric proteins were clearly hypomethylated [Wong et al., 2006] . In a study of 14 evolutionary new centromeres in macaque chromosome 4, which is equivalent to human chromosome 6, preferential neocentromere formation in gene deserts has been found [Ventura et al., 2007; Lomiento et al., 2008] . Thus, studies of evolutionary new chromosomes (ENC) may shed some light on the mechanism(s) of formation and subsequent fixation of centromeres.
Early comparative cytogenetic studies described a polymorphic orangutan chromosome 12 (chromosome 9 in the classical nomenclature) with a high allele frequency (over 20%) in both Borneo ( Pongo pygmaeus ) and Sumatra ( Pongo abelii ) orangutan populations [Turleau et al., 1975; Seuánez et al., 1976; de Boer and Seuánez, 1982] . The marker order of the variant chromosome was identical to the normal homolog such that the polymorphism was probably due to a centromere repositioning event [Locke et al., 2011] . This ENC is unique since both the original centromere and the neocentromere coexist in the same population as a polymorphism, and this ENC was relatively young since it did not contain satellite DNA. Tolomeo et al. [2017] sequenced the genome of an orangutan homozygous for the ENC and did not find any significant variations relative to the wild-type counterpart. By measuring the interprobe distances between BACs CH276-136P13 and CH276-12M5, the ENC domain was found to be significantly more compact than the corresponding wild-type region. This indicates that compaction is an intrinsic property of centromeres, regardless of the presence of heterochromatin. If this stronger compaction affects gene expression, it may inhibit spreading of ENCs. This would depend on the importance of these gene(s) for viability of the carrier organism. Interestingly, the expression of the only gene embedded in the ENC region, SLC6A15 ( Pongo abelii solute carrier family 6, neutral amino acid transporter, member 15; chr12: 85,450,585-85,510,678), appears repressed, probably as a consequence of the compaction of this locus. The SLC6A15 gene appears to be disposable and thus does not act as a bias against the ENC spreading in the Pongo population. Incomplete repression of the SLC6A15 gene would suggest that it may not be completely superfluous. Conceivably, the activity of this gene has helped maintain this area in its original satellite-free condition after ENC seeding. The authors conclude that this finding is the first evidence that ENC seedings are epigenetic in nature. This study generated novel and unexpected insights into the possible mechanism(s) of origin of neocentromeres and opened up a new perspective on this still elusive process. Numerous questions remain to be addressed for which the present approach and techniques may provide valuable new avenues.
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